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Abstract 
 The habitats in which bat species may most effectively forage are often determined by 
species-specific differences in wing morphology and echolocation call structure.  Habitat edges 
are important for bat navigation and foraging, but no study to date has examined the depth of 
edge influence (DEI--the extent of quantifiable change in activity with distance from an edge) for 
bats.  I predicted that DEI would vary with species-specific differences in wing structure and 
echolocation call characteristics. Additionally, because different habitats may be required to 
fulfill species’ foraging and roost requirements, I predicted that bat activity would be highest in 
areas with a moderate amount of forest cover. I acoustically sampled at eight sites in Ontario a 
minimum of ten times each between June 2010 and August 2011. Regardless of wing 
morphology and call structure, bat activity was highest at the edge for all species. The DEI of all 
species was 40 m into both the edge and forest. These results will be useful for determining 
proper placement of microphones in future acoustic studies, and may inform effective 
management decisions. 
 
 
 
 
 
 
 
Keywords: edge effects, Ontario, ecomorphology, bat habitat use, acoustic monitoring, percent 
forest cover 
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1. Introduction  
Studies in landscape ecology investigate the physical relationships and associations of 
habitats and organisms within a landscape (Forman 1995). Ecologically, landscapes are 
composed of three primary elements: patches, edges, and corridors. Patches are individual 
sections of distinct habitat in the landscape, while corridors form the physical links between 
remnant habitat patches. Edges are formed by the interface of two or more habitat types (Krebs 
2008), but due to their unique characteristics, they are often studied as a distinct habitat type 
(Fenton 1990; Verboom 1998; Grindal and Brigham 1999). Together, the geometric 
configuration of patches, edges, and corridors form the landscape matrix (Forman 1995).  
The pattern of the landscape matrix directly affects species richness (Law and Anderson 
1999; Holland and Fahrig 2000; Gagné and Fahrig 2007). Furthermore, the landscape pattern 
affects population size by altering access to resources (Andrén 1995; Fletcher et al. 2007) and 
potential mates (Banks et al. 2007). Understanding species’ relationships with the landscape is 
necessary for effective conservation and land management plans, but interactions between 
species and the landscape are often under studied (Duchamp et al. 2002). This is particularly true 
for bats, which are highly mobile and nocturnal animals. Therefore, I focused my thesis on the 
effects forest edges and percent forest cover have on the activity of bat species in Ontario.   
1.0 Bats on the landscape 
Ecomorphology is the study of the relationship between 1) morphology, the physical 
features of an organism, and 2) ecology, the relationship between an organism and its 
environment. Morphology impacts species’ efficiency in different habitats, while the habitats 
present may, over time, impact species’ morphology (Motta and Kotrschal 1992).  Bats possess 
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different wing designs that affect flight speed and maneuverability (Norberg and Rayner 1987) 
and use echolocation calls with species-specific shapes, intensities, and durations to detect both 
obstacles and prey when moving across the landscape (Fenton et al. 1995). Therefore, bats’ 
ecomorphological relationships are strongly influenced by wing and echolocation call structures 
(Aldridge and Rautenbach 1987; Chrome and Richards, 1988; Müller et al. 2011; Lee et al. 
2012), and the diversity of habitat structure has resulted in species which are specialized to 
forage in different landscape situations.   
The combination of specialized echolocation and wing characteristics forms three 
primary guilds, or functional groups, of bats that may differentially use three habitats: open 
areas, cluttered areas, and edges (Fenton, 1990; Figure 1). Bats that forage for insects in cluttered 
areas generally have low-intensity, broadband calls (calls covering a wide range of frequencies), 
with a short duration (Caceres and Barclay 2000). Broadband calls provide precise range 
resolution of prey targets, as well as information about target size and shape (Simmons 1973), 
but are subject to greater atmospheric attenuation than lower frequency signals, and constrain the 
range of prey detection (Lawrence and Simmons 1982). Furthermore, bats that forage in 
cluttered areas typically have wings with low aspect ratios (wingspan2 / wing area) and low wing 
loading (body mass / wing area) (Norberg and Rayner 1987), which allow for energy-intensive, 
highly maneuverable flight in cluttered areas (Fenton 1990).  
In contrast, bats that forage for insects in open areas typically have high-intensity, long 
duration and low-frequency narrowband calls (Fenton 1990). Low frequency, high intensity calls 
minimize the effects of atmospheric attenuation (Lawrence and Simmons 1982), but provide 
relatively lower spatial resolution (Simmons 1973). Bats that forage in open areas typically have 
wings with high aspect ratios and high wing loading, which results in fast, efficient flight and 
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allows them to cover long distances efficiently (Norberg and Rayner 1987; Fenton 1990). 
 
Figure 1: Echolocation and morphological characteristics associated with each of three habitat 
types. Calls are depicted as spectograms. Figure adapted from Fenton, 1990, with permission. 
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Finally, species that forage in edge habitats are expected to have intermediate traits 
compared to open and cluttered habitat specialists. Edge specialist echolocation calls are 
typically high-intensity calls with a mix of narrowband and broadband components. Their wings 
typically have a relatively high aspect ratio with low wing loading, allowing for energy efficient, 
maneuverable flight (Fenton 1990). 
1.1 Impacts of morphology on edge activity 
When species composition at the edge of a habitat patch differs significantly from that of 
the patch interior, this phenomenon is referred to as edge influence (Ries et al. 2004). Varying 
activity and abundance may persist several kilometers into adjoining patches (Berthinussen and 
Altringham 2011), although most species are affected on a scale of 120 m or less (Li et al. 2007).  
This extent of quantifiable change in activity with distance from an edge is referred to as the 
depth of the edge influence (DEI). Although DEI occurs at all edges, DEI is greatest between 
adjacent habitats which have a high degree of contrast. At the interface between a forest and a 
field, the degree of contrast is affected by canopy height, cover, and aspect, or cardinal position, 
which further affects the amount of sunlight, wind, and rain that the edge receives (Ries et al. 
2004; Harper et al. 2005).  
Multiple studies have noted increased activity along forest edges for one or more bat 
species (Limpens et al. 1989; Limpens and Kapteyn 1991; Grindal and Brigham 1999; Morris et 
al. 2010; Ethier and Fahrig 2011; Müeller et al. 2012). Bats may benefit from linear elements 
such as wooded edges both when foraging and commuting: forested edges provide habitat for 
insects, and may also serve as landmarks along the way to foraging grounds. Additionally, on 
nights with bright light or wind, edges may offer bats the same energetic protection that they 
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offer to their insect prey, while also protecting them from opportunistic birds of prey and 
avoiding the energy costs associated with navigating around clutter inside the forest (Verboom 
and Huitema 1997). Morphology and echolocation call characteristics should strongly influence 
the DEI of bat species, but to date, no study has evaluated this. 
1.2 Percent forest cover 
Percent forest cover indicates the amount of land that is covered by trees over a given 
landscape scale. Throughout Canada, percent forest cover is in a constant state of flux, as 
intensive agricultural practices and urban and industrial development result in deforestation, but 
abandoned farm land is reverting into forested areas (Masek et al. 2011). Natural roosts for bat 
species in Ontario are trees, specifically, either in foliage, under exfoliating bark, or in hollows 
(Fraser et al. 2007). Decreasing the percent forest cover results in fewer suitable roosting sites 
and therefore, fewer residents (Jung et al. 1999; Gorreson and Willig 2004; Magness et al. 2006).   
While forest habitats offer important roost sites to bats, for foraging, many species 
require open spaces, edges, and water (Grindal and Brigham 1999; Fenton and Bogdanowicz 
2002). To reduce energetic requirements associated with long distance flight, bats benefit from 
roosting as close as possible to foraging grounds (Barclay 1981). Consequently, the highest 
populations of bats should be present in areas where there is both roost and foraging habitat 
(Dunning et al. 1992).  
The effects of percent forest cover on bat activity were previously studied in Ontario by 
Ethier and Fahrig (2011), who found significant linear relationships between forest cover and bat 
activity at several spatial scales, from 1 to 5 km, for roughly half of all species. However, 
because bats have both foraging and roosting needs in differing habitats, I expect a non-linear 
relationship between bat activity and forest cover over a broader range of sites.  
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1.3 Goals and predictions  
In my thesis I explored how bats use forested edges, and how activity levels differ with 
changes in landscape composition.  The main goals of my study were to 1) determine the DEI for 
bat species along a forest-agriculture interface and 2) determine and model the relationship 
between overall bat activity and the percent forest cover of the surrounding habitat.   
In Ontario, there are eight species of bats. Due to the relative rarity of the small footed 
bat (Myotis leibii), and lack of a well established call library for this species, it will be excluded 
from the study. The remaining seven species, the northern long-eared bat (Myotis 
septentrionalis), hoary bats (Lasiurus cinereus), silver haired bats (Lasionycteris noctivagans), 
eastern red bats (Lasiurus borealis), little brown bats (Myotis lucifugus), tri-colored bats 
(Perimyotis subflavus) and big brown bats (Eptesicus fuscus) will be considered in this study.  
These seven species may be classified into one of the three habitat groupings, based on their 
echolocation call and morphological characteristics (Table 1). 
I hypothesized that bat activity levels would vary systematically across edge habitat and 
that both the direction of this variation and the DEI would differ among the three guilds. I 
investigated this hypothesis by testing the following three predictions: 1) M. septentrionalis 
would have a very narrow DEI into the field, and heightened activity in the forest interior 2) L. 
cinereus would exhibit the highest activity in primarily open areas, with decreasing activity 
levels closer to the edge and within the forest and 3) L. borealis, L. noctivagans, M. lucifugus, P. 
subflavus, and E. fuscus, which mix narrowband and broadband components in their calls, would 
exhibit the highest relative call numbers at the forest edge, with activity gradually decreasing as 
the distance increases into the forest and field interiors.  
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Secondly, I hypothesized that percent forest cover would directly affect the levels of bat 
activity at each site.  Because the largest population should be supported in areas with the 
greatest availability to both roost and foraging habitats, I predicted that overall bat activity levels 
would peak in areas with a moderate percent forest cover, and decrease in areas with extremely 
high or low percent forest cover.   
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Table 1: Echolocation call parameters and morphological characteristics for seven bat species in Ontario. All wing loading and aspect 
ratios are taken from Norberg & Rayner (1987). References for call parameters are given in the footnote.    
 
 Species  Guild Call duration 
(ms) 
Minimum frequency 
(kHz) 
Wing loading 
(kg/m2) 
Aspect ratio 
Eptesicus fuscus 1 Edge     7     27   9.4 6.4 
Lasiurus borealis 2 Edge 8-10 30-33 14.0 6.7 
Lasiurus cinereus 2 Open   10 17-18 16.5 8.1 
Lasionycteris noctivagans 3 Edge    8    27  8.2 6.6 
Myotis lucifugus 4 Edge 4-6     40  7.5 6.0 
Myotis septentrionalis 5, 6 Closed 1-2 40-60  6.8 6.4 
Perimyotis subflavus 7 Edge 4-6     37  5.6 6.2 
1- Betts (1998); 2- Obrist (1995); 3- Betts (1998); 4- Mukhida et al. (2004); 5- Faure et al. (1993); 6- Caceres and Barclay (2000); 7- 
MacDonald et al. (1994). 
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2. Methods 
2.0 Site selection 
 I collected my data at eight sites in Renfrew and Lanark counties, in Ontario, Canada; the 
habitat there is a combination of fertile farmland in the north, and large tracts of secondary 
growth forest in the south. Based on published foraging ranges of bats in Ontario (Henry et al. 
2002; Walters et al. 2007), I expected bat species’ foraging ranges to fall within 3-5 km. 
Therefore, I defined a landscape as the area within a 5.0 km radius of each study site, and 
calculated the percentage of forest cover at each site within a 3.0, 3.5, 4.0, 4.5, and 5.0 km radius 
from the central study edge. Additionally, I included 1.0 and 2.5 km scales to examine the 
possibility of finer scale landscape responses (Appendix II).  
I used the Ontario Ministry of Natural Resources’ Digital Raster Acquistion Project for 
the East (DRAPE) aerial imagery on ArcGIS 9.3 (ESRI 2006) to identify large patches with well 
delineated, or hard, edges for study sites. In order to avoid the effects of multiple edges, I 
excluded sites with forest or field patches less than 100 m deep. I also excluded sites with greater 
than 1% combined wetland and water cover at any spatial scale, to control for the confounding 
effect of increased bat activity associated with feeding over water.  Additionally, in order to 
control for variation in magnitude of effect due to differences in aspect, I selected sites with 
south-facing edges at the central patch. 
 To maintain patch-level similarity across study sites, I used the Ontario Ministry of 
Natural Resources’ Forest Resource Inventory data to determine the composition of tree species 
and year of last forest harvest for each site.  I selected only mixed deciduous/coniferous stands 
over seventy years old with adjacent fields of hay or pasture as study sites. In total, I selected 
eight sites (Figure 2) with a range of 10.2- 85.9 percent forest cover at a 5.0 km scale (Table 2).   
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Figure 2: Relative location of thesis sites within Renfrew and Lanark Counties, Ontario, Canada. I collected recordings at each of 
eight field sites. Sites are numbered in order of increasing forest cover at a 5.0 km scale. Circles represent 1.0, 2.5, 3.0, 3.5, 4.0, 4.5, 
and 5.0 km landscape scales evaluated around each site.  
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Table 2: Forest cover (%) in each of six surrounding spatial scales for all sites. 
 
      Site                               Forest Cover in Surrounding km (%) 
 Number   1.0         2.5  3.0              3.5              4.0    4.5     5.0                      Coordinates 
1 13.1 12.2 10.3   9.4   8.7   8.8 10.2  45°22’57”N, 76°18’09”W 
2 23.6 20.9 24.0 27.0 30.1 31.9 33.0                      45°31’32”N, 76°51’10”W 
3 23.5 20.8 25.6 28.7 31.9 35.5 38.4                      45°26’20”N, 76°28’17’’W 
4 56.2 51.9 52.0 52.7 52.4 52.6 52.9                      45°30’43”N, 77°09’22’’W 
5 77.3 62.3 60.2 59.8 59.3 61.4 60.3                      45°28’25”N, 76°57’50”W 
6 52.4 56.2 58.1 58.8 60.6 61.4 61.5   45°26’53”N,76°46’14”W   
7 64.9 68.4 69.7 69.7 72.3 57.1 73.9  45°20’17”N, 76°53’12”W  
8 73.9 87.3 86.4 85.2 85.6 85.9 85.9  45°20’51”N, 77°19’04”W 
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2.1 Activity monitoring 
 I collected data from each site on a rotating basis and monitored each site a minimum of 
three nights per month from June-August in both 2010 and 2011. Furthermore, I only collected 
data on non-rainy nights, because rain negatively affects bat activity levels (Hayes 1997).  I 
placed a data-logging Kestrel 4000 (Nielson-Kellerman, Pennsylvania, USA) on the tripod 20 m 
into the field to record wind speed, barometric pressure, temperature, and humidity at ten-minute 
intervals throughout the night.  
 I used an acoustic bat detector, the batcorder 2.0 (ecoObs, Nürnberg, Germany) to record 
echolocation calls. Batcorders are programmable recorders that use an algorithm-linked 
triggering mechanism to record bat calls onto secure digital high capacity (SDHC) cards. The 
sampling rate of a batcorder is 500 kHz, so it is able to record sounds up to 250 kHz. 
Echolocation calls recorded by bat detectors cannot distinguish between individual bats (Kunz et 
al. 1996), but the total number of echolocation calls may be used as a proxy for the overall 
activity of a species at a given location. 
  At each site, I deployed eight batcorders along a transect line, perpendicular to the forest 
edge. To minimize the effects of multiple edges, I placed the transect at the middle of each forest 
patch. In 2010, I conducted preliminary fieldwork to determine the optimal spacing for the 
recording transect. I tried spacing the detectors 10 m, 15 m, 20m, 30 m, and 40 m apart, and 
found that a spacing of 20 m provided the most information about edge effects and peak activity 
with minimal recording overlap between detectors. I placed the detectors on tripods 1.67 m 
above the ground, with microphones oriented at 45 degrees above horizontal, parallel to the 
forest edge. Each night, I set the batcorders to record echolocation calls from sunset to sunrise. 
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During the preliminary field season, I placed five batcorders along the transect, with one 
batcorder 20 m inside the forest, and 4 batcorders in the field, extending to 60 m. For the second 
field season, increased equipment availability allowed me to expand my transect; I placed two 
additional batcorders in the forest at 40 and 60 m from the edge, and one more in the field at 80 
m from the edge (Figure 3). I moved forest microphones away from large trees, up to two meters 
from the transect line to avoid sound attenuation (Patriquin et al. 2003). 
 Four adjustable parameters affect the batcorder’s triggering algorithm: quality, threshold, 
critical frequency, and posttrigger. The quality value determines which sounds in the 
environment are interpreted as possible bat echolocation calls. Higher values reduce the amount 
of extraneous noise that is interpreted as echolocation calls. I set my quality to 40, which is the 
second highest setting, and filters out the majority of non-call noises. The threshold value 
influences the sensitivity of the microphone, and is similar to the gain setting on other bat 
detectors.  Lower settings trigger the batcorders to record in response to softer sounds, and 
effectively extend the recording radius. I set my threshold to the lowest setting, -36 dB, or 1.6% 
of the microphone’s maximum amplitude, in order to extend the recording range as far as 
possible.  The posttrigger value defines the amount of time that is allowed to pass between two 
consecutive calls without ending the recording.  I set my posttrigger to the highest possible 
setting, 800 ms, to maximize the number of sub-threshold calls recorded.  I found that this set of 
recording settings maximized the amount of echolocation calls that I recorded (Appendix III). 
Finally, the critical frequency sets the minimum frequency that will register as a bat call. I set my 
critical frequency value at 16 kHz, in order to avoid recording too many ultrasonic insect noises 
or missing too many low frequency bat calls.     
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Figure 3: Position of detectors around a central forest patch. Detectors (stars) were placed 20 m 
apart along a transect perpendicular to the forest edge (forest is represented by grey polygon).    
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2.2 Vegetation measurements 
 To quantify the degree of contrast between forest sites, microphones, and edges, I 
measured canopy cover at the location of each forest microphone using a densiometer. To 
determine if the openness of the forest differed as either a function of site or distance from the 
edge, I used an analysis of covariance (ANCOVA) in SPSS (SPSS, Inc., Chicago, IL).  To 
determine if the severity of each edge differed between sites, I used a 2- way ANOVA and 
looked for an interaction between density at edge and the first interior microphone and site. For 
both the ANCOVA and ANOVA, I ran a Tukey’s post-hoc test to determine which sites were 
significantly different from one another.     
2.3 Call analysis 
I used an automated detection algorithm in the software package callViewer18 
(Skowronski and Fenton 2008) to identify the number of calls in each file, as well as the 
minimum and maximum frequencies, frequency with most energy, and duration of each call. In 
Excel 2007 (Microsoft, Redmond, WA), I applied filters to remove insect noises and other 
sounds lacking the characteristics of Ontario bat calls from the final output (Table 3). 
Additionally, I manually examined 5% of all call files, selected at random, to ensure that 
callViewer18 was accurately identifying calls. I identified species using a quadratic discriminant 
function analysis script (Amanda Adams, pers. comm., applied in R version 2.13.1 (R 
Development Core Team 2011). Jack-knife, leave one out classification rates on the discriminant 
function data for each species were as follows: E. fuscus 88.00%; M. lucifugus 90.00%; 
L.cinereus 90.38%; L. borealis 87.93%; P. subflavus 90.48%; L. noctivagans 88.00%; and M. 
septentrionalis 90.91%. 
I checked 100 calls per species to check the accuracy of the discriminant function 
  
16 
 
analysis’s classification of my data. I found that within the same file, calls with classifications of 
E. fuscus and L. noctivagans were commonly mixed together. These species are commonly 
grouped together in echolocation call literature because they have very similar call structures 
(Betts 1998), so I decided to pool the data.  
Similarly, I found that calls of P. subflavus and L. borealis were unreliably classified as 
one another, but the echolocation call structure of these bats are quite different and it did not 
make sense to pool the two species, so I decided to remove these species from further analysis. 
Thus, for the remainder of this manuscript, I will only be examining four species: L. cinereus, M. 
lucifugus, M. septentrionalis, and E. fuscus / L. noctivagans, which I will refer to as a single 
species. 
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Table 3: Filter parameters for removing extraneous noise.  
Call characteristic Filter parameters 
Duration (ms) < 1, > 25 
Frequency (kHz) < 17, > 50 
Combination frequency (kHz) and duration  (ms) filter 
Harmonic number 
< 33 kHz;  < 3 ms 
> 1 
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2.4 Species activity modeling 
 I conducted all statistical modeling using R. I used a combination of Cleveland dotplots 
and boxplots to detect outliers, which I removed from the data set. At two sites, there were forest 
microphones that recorded no calls across any of my recording nights, so I removed these two 
microphones from the data set. In total, I removed 16 data points from the data set. I checked 
each variable’s distribution for normality by visually inspecting frequency.  The distribution of 
percent humidity was initially skewed, so I applied an arcsin transformation.  I checked for 
violations of independence  between covariates using Pearson’s R2 correlation coefficient, and 
excluded forest density and forest cover because of high correlations to microphone position 
(r=0.73 and  r=0.87,  respectively). My raw count data was right skewed and demonstrated 
violations in homogeneity, so I applied natural log transformations to normalize the data.  To 
avoid undefined values for zeros, I applied ln(x +.5) to the data for M. septentrionalis and E. 
fuscus / L. noctivagans, and ln(x +1) to the data for L. cinereus and M. lucifugus. 
My data demonstrated non-linear patterns (Appendix IV), so I used the mgcv package 
(Wood 2006) in R to apply a separate general additive model to model each species’ activity 
levels. General additive models do not produce an equation for overall activity, but instead, fit 
smoothing curves that model the non-linear trends in the response variable.  General additive 
models, like linear models, allow for the inclusion of multiple variables and calculate ANOVAs 
to identify significance (Zuur 2010).  
I used backwards model selection, which is a stepwise model selection process in which 
the variable with the highest p-value is dropped in each subsequent round. In my original model 
for each species, I included eight possible explanatory variables: microphone position, humidity, 
pressure, temperature, windspeed, Julian date, and year. I continued until all variables were 
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significant at p < 0.05.  To isolate the effect of percent forest cover, I then held all other variables 
constant and ran 7 complete models for each species, each of which isolated a separate spatial 
scale for forest cover. 
 I used Akaike’s Information Criterion (AIC) as a measure for determining the spatial 
scales of best fit. I determined the ∆i value for each model, where ∆i = AICi – AICminimum. I 
considered all candidate models with a ∆i ≤ 2 to have substantial support (Burnham and 
Anderson 2004). 
To compare the depth of edge influence in the forest and field among species, I used Plot 
Digitizer (Free Software, Inc., Boston, MA) to identify the coordinate along each species’ 
smoothing curve at the location of each microphone. I calculated the mean value and standard 
deviation of the values at all forest microphones and all field microphones, and I calculated the 
change in activity influence between the edge and field, and the edge and forest, as well as the 
overall average change between forest and field. 
3. Results 
 I detected all four species at all eight sites. After removing outliers, I included 426 
recording nights from individual microphones in my models. The total number of calls included 
in the final models ranged from 200,290 calls from L. cinereus to 16,363 calls from M. lucifugus 
(Table 4). The number of supported models ranged from three for M. septentrionalis to one for 
E.fuscus / L. noctivagans and M. lucifugus (Table 5). Both distance from the edge and Julian date 
were significant predictors of activity levels in all species’ models (p <0.05). Year significantly 
affected the activity of M. lucifugus (p < 0.05).  
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Table 4: Number of total calls included in final models for each of four bat species.  
Species                           Number of Calls Recorded 
E. fuscus / L. noctivagans 112,532 
L. cinereus 200,290 
M. lucifugus   16,363 
M. septentrionalis   28,429 
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Table 5: Final candidate models of bat activity along forest/field edges for four bat species in 
Ontario. Models shown were selected by ∆AIC values. A lowercase s and parentheses indicate 
covariates which had smoothing terms applied.  Terms included were microphone (mic), 
temperature (temp), windspeed (wind), and pressure (prs). Terms preceded with a ‘For’ denote a 
significant relationship between overall percent forest cover at the spatial scale (km) indicated by 
the number following it.   
Species Model 
Eptesicus fuscus / 
Lasionycteris noctivagans 
s(mic) +s(temp) +s(date) + s(wind) + s(For1) + prs 
Lasiurus cinereus 
Lasiurus cinereus 
s(mic) + s(temp) + s(date) + prs + s(wind) + s(For1) 
s(mic) + s(temp) + s(date) + prs + s(wind) + s(For25) 
Myotis lucifugus s(mic) + s(date) + year + s(For1) 
Myotis septentrionalis s(mic) + s(temp) + s(date) + s(For5) 
Myotis septentrionalis s(mic) + s(temp) + s(date) + s(For4.5) 
Myotis septentrionalis s(mic) + s(temp) + s(date) + s(For4) 
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3.0 Edge effects 
 The results of the edge effects for all species are summarized in Table 6. All species’ 
activity levels peaked within 0 – 20 m of the forested edge and stabilized to a constant level 
around 40 m into the field (Figure 4).  The distance from the edge at which peak activity 
occurred ranged from 0.8 m for M. septentrionalis to 12.6 m for L. cinereus. The forest interior 
had a negative impact on the activity levels of all species, and the field had a positive impact on 
all species, with the exception of M. septentrionalis, which was negatively impacted by the field, 
and positively impacted by the forest.  L. cinereus had the largest overall response between 
habitats, while M. septentrionalis had the smallest.  
3.1 Vegetation analysis 
 I found no significant effect of density as a function of forest depth (F2,86 = 1.143, p 
=.324), but the forest at site two was significantly more open than all sites except site one, and 
site one was significantly more open than sites three, five, and seven (F7, 86 = 5.188, p <0.001). I 
found no significant interaction between density of the canopy at the edge and 20 m inside the 
forest and site (F7, 48 =.586, p =.764), indicating that the severity of the edge did not significantly 
differ among sites.   
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Table 6: The average effect and change between effect of forest, field, and edge habitats for each of four bat species. Effect of forest 
and field values are means of log transformed values measured at each microphone location within adjacent habitats. Bracketed 
numbers indicate the distance from the edge (m) where each activity peak occurred. Values are reported as the mean ± standard 
deviation of the relative influence of distance from the edge on activity. 
Species Effect of Forest Effect of Field Peak Activity ∆Peak - Forest ∆Peak – Field     ∆Forest - Field 
Eptesicus fuscus / 
Lasionycteris 
noctivagans 
 
-2.33 ± 0.94 0.47 ± 1.23 2.94 [  8.8] 5.27 ± 0.94 2.47 ± 1.23 -2.80 ± 1.55 
Lasiurus cinereus -2.89 ± 0.87 1.03 ± 1.02 2.63 [12.6] 5.52 ± 0.87 1.60 ± 1.02 -3.92 ± 1.34 
Myotis lucifugus -2.07 ± 0.86 0.24 ± 1.42 3.11 [  8.0]  5.18 ± 0.86 2.87 ± 1.42 -2.31 ± 2.76 
Myotis septentrionalis 0.20  ± 0.88        -0.72 ± 0.77 1.91 [  0.8]    1.71 ± 0.88 2.63 ± 0.77  0.92 ± 1.37 
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Distance from Forested Edge (m) 
Figure 4: The effect of distance from the edge on the activity of four bat species. Each graph 
shows the fitted model (solid line) ± 1 SD (dotted lines). The y-axis is the same for all figure 
sections. Observed values are indicated by hash marks along the x-axes, where negative values 
represent microphones in the forest interior and positive values represent microphones in the 
field interior. N= 426 recording nights.  
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3.2 Effects of forest cover  
 Forest cover significantly affected the activity of all bat species (p < 0.05). Both L. 
cinereus and M. septentrionalis were significantly influenced by forest cover at multiple scales 
(Figure 5). E. fuscus / L. noctivagans’s reponse to forest cover was bimodal, with a peak at 30% 
forest cover, and a second increase at > 70%. Likewise, at both 1.0 and 2.5 km, the activity of L. 
cinereus peaked at 20-25% forest cover and increased a second time at >70%.  M. lucifugus 
showed a relatively flat response to forest cover, with a slight peak at 65%, at a 1 km scale. At a 
4.5 km scale, M. septentrionalis peaked in activity between 40-60%, and decreased in activity as 
forest cover increased. At a 4.0 km scale, the effect was mirrored, but with a peak in activity at 
72%.   
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Forest cover (%) 
Figure 5: The relative effect of forest cover on each of four bat species at different spatial scales. Each graph shows the fitted model 
(solid line) ± 1 SD (dotted lines). The spatial scale (km) is indicated by the number in parentheses. N= 426 recording nights. The y-
axis is the same for all figure sections. Observed values are indicated by hash marks along the x-axes. 
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4. Discussion  
4.0 Edge effects 
 I initially hypothesized that bat activity levels would vary systematically across edge 
habitat and that both the direction of this variation and the DEI would differ among the three 
guilds; however, my results show that activity was highest at the edge for all species. These 
results fit with the findings of some previous studies (e.g., Grindal and Brigham 1999, Morris et 
al. 2010). As a whole, however, studies on the species responses of bats to edges present variable 
responses and do not support a unifying theory (Grindal and Brigham 1999; Morris et al. 2010, 
Müeller et al 2012). 
 This variability of results found by edge habitat may be influenced by the degree of edge 
delineation, or edge structure. Grindal and Brigham (1999) and my study used well delineated 
edges, but previous studies have conducted edge studies in areas of early succession, where the 
contrast between habitats is not as sharp (Müeller, pers. comm.).  
 In natural landscapes, the structure of the edge may vary substantially. For example, 
edges in areas of succession have the added perceptual component of bushes and shrubs. In 
addition to forest edges, foraging and commuting bats perceive horizontal borders created by 
ground cover and forest canopies as edges (Pettit 2011). Therefore, shrubs and other ground 
vegetation should lead to greater vertical stratification and edge avoidance by open area foragers, 
compared to well-delineated edges. Bats’ perceptual differentiation of different types of edges 
may help to explain variation among findings of activity at forest edges, but remains a largely 
unexplored area. 
 Heightened bat activity at well-delineated forested edges is related to a combination of 
factors.  In open areas, total insect activity is inversely related to wind speed, and particularly on 
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high wind nights, insects concentrate along forest edges, which act as windbreaks (Grindal and 
Brigham 1999; Morris et al. 2010). The relatively patchy distribution of food that results may 
cause bats to disregard habitat preferences and forage in alternative areas (Aldridge and 
Rautenbach 1987; Bell 1980).  Because I did not sample insect abundance, I cannot rule out the 
possibility that insects in this region have patchy distributions that shift with space and time, 
resulting in a more generalized habitat response. 
   In addition to foraging along edges, bats preferentially commute along forest edges en 
route to foraging grounds. From an aerial perspective, forest edges can serve as navigational aids 
that help to establish known routes and decrease overall commuting time (Limpens and Kapteyn 
1991.) Furthermore, on nights with high wind, leeward edges offer energetic protection to bats 
(Verboom and Huitema 1997). 
 Although it is tempting to cite increased predation risk from opportunistic birds of prey as 
a cause for decreased activity in open areas, in North America there is little evidence to support 
this hypothesis. The few documented cases of predation by owls and diurnal hawks occurred 
outside of maternity roosts or colonies, where bat concentrations are much higher than elsewhere 
on the landscape (Barclay et al. 1982). 
 Based on the DEI that I found, the core habitat of hay or pasture fields and mixed 
deciduous forests may be defined as a minimum of 40 m from the edge for all bat species in this 
study. This scale falls within DEI values found for birds, which range from 15-300 m into 
adjacent field and forest habitats (Ries et al. 2004). The breadth of this range is reflected by the 
diversity among birds, whereas the bats in my study are all members of the same taxonomic 
family, and may therefore be expected to have more behaviorally similar responses, by 
comparison.  Furthermore, the range reported for birds was provided by a review article, and 
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covered a wide range of species, methodologies, and behaviors, including nesting and foraging 
while my study controlled for the effect of multiple edges and explored only relationships 
between overall activity and distance from the edge. 
 Although some studies have characterized species as edge avoiders or edge specialists, I 
avoid labeling these species because labeling oversimplifies the relationship between edges and 
behavior. My results may not apply to all types of edges, as the magnitude and direction of edge 
effects may differ between different types of habitat (Fletcher and Koford 2003; Ries et al. 
2004).  In both un-modified and modified landscapes, the interface between forests and fields 
represent only one of many edge types that are present. There is no reason to expect that bats 
would have the same DEI or magnitude of response at any other edge type, including edges 
between forest and roads or forest and water.  
 Even between habitats of similar type, subtle differences of vegetation types and 
management practices may create measurable edge effects. For example, the fields used in my 
study were all hay or pasture fields, which are not heavily sprayed by pesticides. Bat abundance 
reflects insect abundance, and both decrease in areas where pesticides are regularly applied 
(Wickramasinghe et al. 2003; Wickramasinghe et al. 2004).  
 One of the difficulties in my study was identifying patches that were large enough to 
successfully minimize the impacts of multiple edge effects; in a typical landscape context, the 
effects of multiple edges are much more common than isolated edges. In areas with smaller 
patches, effects of multiple edges will create an additive effect, so that the impact from two 
edges is greater than the impact of either isolated edge (Fletcher 2005).  
4.1 Effect of forest cover 
 As predicted, I found that the relationship between percent forest cover and bat activity 
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was non-linear. This contrasts with the findings of Ethier and Fahrig (2011), who found a 
negative linear relationship between forest cover and activity of L. noctivagans. However, there 
are many factors that may affect the distance and area in which an individual chooses to forage, 
including commuting time, prey availability, and risk of predation (Stephens and Krebs 1986). 
The relatively small effect of forest cover suggests that in this landscape, roosts are not a limiting 
resource. Many other landscape factors may impact bats, including fragmentation, age of 
surrounding stands, connectivity and patch shape, size, and density (Law et al., 1999; Gorreson 
and Willig 2004; Crampton and Barclay 2008; Ethier and Fahrig 2011), and these factors should 
continue to be explored in carefully controlled landscape studies.  
 Likewise, the presence of significant relationships between forest cover and species’ 
activity at multiple scales may mean that the species are reacting at an unidentified intermediate 
spatial scale, or they may be reacting to different factors at each spatial scale.  Although I 
controlled for the influence of water during site selection, the presence of other landscape 
variables may significantly influence bat activity levels, such as roads (Berthinussen and 
Altringham 2011), and  houses, which are frequently used as artificial roosts by M. lucifugus and 
E. fuscus (Neilson and Fenton 1994). 
4.2 Implications for management  
 My research is the first to quantitatively address the DEI for any bat species, and 
represents an advance in the ability to effectively model and predict bat activity over a landscape 
scale. Information gained about the relationship between bat activity and forest cover may be 
incorporated into forest and agriculture management strategies in Ontario. On local and 
landscape scales, my data may be applied to form data-driven setback policies for industrial 
human construction projects, such as roads and wind turbines. The role of bats in controlling 
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agricultural pests was underscored by a recent publication in Science (Boyles et al. 2011), which 
emphasized the value of ecosystem services performed by bats. My results suggest that farms 
may be able to maximize these services by planting fields that are smaller in overall area, but 
closer to forested edges, or by maintaining woodlots in areas that are central to their fields. 
Conversely, areas of interest for commercial development may be able to avoid the majority of 
mortalities and negative behavioral consequences experienced by these bat species by building a 
minimum of 40 m away from all forested edges.   
 In addition to management and development implications, my results have implications 
for future research design.  Many studies seek to determine the relative habitat preferences of 
bats by acoustically sampling different habitat patches, but may disregard edge effects, or 
attempt to control for edge effects, without a quantitative measure of where core habitats actually 
begin (Jung et al. 1999; Loeb and O’Keefe 2006; Rogers et al. 2006).  My results should help to 
quantitatively inform the location of best microphone placement for future acoustic habitat 
assessments.  
 Finally, in addition to the information gained about habitat use by bats in Ontario, my in-
depth data collection may provide some information on local population trends. White nose 
syndrome is a fungal pathogen which lethally affects hibernating bat species (Blehert et al. 
2009), and recently led to M. lucifugus, P. subflavus, and M. septentrionalis being listed as 
endangered in Canada (COSEWIC 2012).  White nose syndrome was first reported in Ontario in 
Renfrew County in 2010, the winter before I started collecting data. Previous research suggests 
that declines in resident summer populations may be noticed as soon as two years after the 
pathogen’s arrival (Dzal et al. 2011).  Although there are five hibernating species in Ontario, I 
found that there was a significant effect of year for only one of these species, M. lucifugus, over 
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the period of time that I monitored. The decline of activity levels for this species between the 
period of 2010 and 2011 are likely due to this pathogen.  
4.3 Conclusions  
1) There is a significant effect of the edge on all species, regardless of flight or echolocation call 
characteristics.  
 i) Based on echolocation call characteristics and wing traits, I had characterized M. 
septentrionalis as a forest specialist. This was the only species positively influenced by forest 
habitat, and this species’ activity changed the least between peak activity and forest activity.  
 ii) I had classified M. lucifugus and E. fuscus / L. noctivagans as edge specialists, and 
they were more neutrally affected by the presence of field or forest habitats than either L. 
cinereus or M. septentrionalis.  
 iii) L. cinereus, the species I had characterized as an open habitat specialist, had the 
smallest activity change between peak activity and field activity, of all the species in this study.  
2) I found that the DEI into the forest and field was 40 m for all bat species.  
3) I found that E. fuscus / L. noctivagans, L. cinereus, M. lucifugus, and M. septentrionalis all 
react to changes in percent forest cover at one or more spatial scales. I found that L. cinereus and 
M. septentrionalis had significant relationships with forest cover at consecutive spatial scales.   
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Appendix II: GIS analysis 
 In order to determine the amount of forest surrounding each site at each of seven spatial 
scales, I used the Ontario Ministry of Natural Resources Wooded Areas shapefile.  I created 
seven separate point shape files in ArcCatalog, and imported each into ArcGIS. Using a 
combination of GIS points and DRAPE imagery, I located each point on the map. I used the 
editor to select and create each new point as a separate shape file.  After establishing each of my 
eight sites, I used the buffer tool in the analysis subsection of the ArcGIS toolbox to set up 6 
buffer zones around each individual site at 1 km, 2.5 km, 3.0 km, 3.5 km, 4.0 km, 4.5 km, and 5 
km away from the central sampling point.   
 In order to calculate the total area of forest cover within each buffer zone, I clipped the 
features of the forest layer within each buffer zone, and used the statistics tool in the attribute 
table to sum the areas of each new layer.  In total, I created 48 clipped files, and found the total 
area of forest cover within each file.  
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Appendix III: Determining the optimal recording settings for the batcorder 
 
 As part of a side project comparing the detection capabilities of different bat detectors, 
Amanda Adams, Rachel Hamilton, and I optimized the setting of each detector (including the 
batcorder) as follows: We used playback of synthetic signals to optimize detection settings for 
each system. Our synthetic signal file was 1478 ms in duration, and consisted of 20, 57 ms long, 
constant frequency (CF) signals, five signals at each of four frequencies: 25, 55, 85, and 115 
kHz. For playback, we used a laptop running Avisoft RECORDER-NiDAQmx software 
connected to an ultrasonic playback interface with an integrated D/A power amplifier 
(UltraSoundGate Player 116). The interface was connected to an UltraSoundGate Dynamic 
Speaker ScanSpeak (hardware and software: Avisoft Bioacoustics, Berlin, Germany). For the 
batcorder, we recorded with all combinations of setting configurations. For each configuration, 
we played synthetic signals 5 m from each device. We analyzed each recording visually to find 
the optimum settings for our recording conditions. For the batcorder, we found that the optimal 
settings were: quality = 40, threshold = -36 dB, posttrigger = 800 ms, and critical frequency = 14 
kHz. 
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Appendix IV: Plots of raw data  
 
Figure A.1: The relationship between observed activity of study species and varying distances 
from the forest edge. The x-axis represents distance from forest edge, where negative values 
represent microphones in the forest interior and positive values represent microphones in the 
field interior. The y-axis is the same for all figure sections. N= 426 recording nights.            
          
 
Distance from forested edge (m) 
 
 
 
 
 
  
43 
 
Curriculum Vitae 
 
EDUCATION 
 
2010-2012 Master of Science in Biology with Environment and Sustainability, The 
University of Western Ontario, Advisor: M. Brock Fenton.     
  
2005-2009  Bachelor of Science in Biology with a Psychology minor, Texas Christian  
   University, cum laude, Honors Program 
 
2007   Study abroad program, Murdoch University, Perth, Australia 
      
 
RESEARCH EXPERIENCE 
 
2010-2012  Graduate Research Assistant, Fenton lab, University of Western Ontario 
    
2011   Field Technician, Windsor Research Center 
 
2010   Field Technician, University of Massachusetts at Amherst and   
   Dartmouth Gelsemium Project 
 
2009   Field Technician, TCU-Oxford-NextEra Energy Resources Wind   
   Research Initiative 
 
2008-2009  Researcher, Senior Honors Research Project: The effects of   
   collateral response training on foreign-language acquisition in   
   children  
 
PRESENTATIONS 
 
2012  Jantzen MK. Living on the edge: Bat activity along a forest-agriculture 
interface. Bat Research Meeting Cuba-Canada, Havana, Cuba. 
 
2011  Jantzen MK.  Living on the edge: Bat activity along a forest-agriculture 
interface. 41st North American symposium on bat research, Toronto, 
Canada.  
 
2011  Jantzen MK. Living on the edge: Bat activity along a forest agriculture 
interface. International association of landscape ecology, United States 
regional meeting, Portland, Oregon. 
 
2010  Jantzen MK, Cameron A. Sounds like fun to me: A comparison of six 
ultrasonic microphones. 40th Annual North American symposium on bat 
research annual meeting, Denver, Colorado. 
 
  
44 
 
TEACHING EXPERIENCE 
 
2011-2012  Teaching Assistant, Environmental Issues 
 
2011  Teaching Assistant, General Biology II/Biology for Science II 
 
2010  Teaching Assistant, Physiology of Organisms  
 
2006- 2007 Undergraduate Teaching Assistant, Principles of Biology 
 
HONORS AND AWARDS 
 
2010-2012 Western Graduate Research Scholarship 
 
 2011 Environment and Sustainability Program Scholarship   
 
2011 Environment and Sustainability Program Travel Award 
 
2010 Ben Vereen Scholarship        
 
2008 Undergraduate Science and Engineering Research Center Grant 
 
2005-2009 Texas Christian University Dean’s Scholarship      
 
LEADERSHIP AND OUTREACH 
 
2011-2012 Committee Member, University of Western Ontario Earth Day     
  Colloquium    
   
2011  Educational Speaker, Algonquin Provincial Park 
 
2011  Volunteer, Alzheimer’s Society London  
 
2010-2011 Member, Enviro-Western    
 
2008-2009 Co-Executive, Texas Christian University Biology Club  
 
